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INTRODUCTION 
Non-destructive inspection is widely used to ensure that engineering 
structures such as railway rails, bridges, nuclear reactor pressure 
vessels, offshore oiI platforms, airplane airframes and so on contain 
no unacceptably large defects. Such defects, if they were present 
in the structures, could cause failure under certain applied loads. 
Generally, the most serious defects are cracks which occur dur ing manu-
facture, either in castings or in welds, or dur ing service due to cyclic 
loads and environmental attack. The non-destructive inspections are 
carefully designed to be capable of detecting these crack-like defects. 
I am concerned here only with ultrasonic inspection techniques and 
consider the recent developments which have taken place in modeling 
them. Some of the modeling work has been driven by requirements of 
inspection of pressurized water reactors, some by inspection require-
ments foreseen for fast reactors. AII the developments have applica-
tion to some aspects of inspection of alI reactor types: fast reactors, 
pressurized water reactors and gas cooled reactors; and indeed to the 
inspection of many other engineered structures too. 
If the response from the defect can be calculated then it is possible 
to examine the inspection strategies and procedures and demonstrate 
that they are adequate for the purpose for which they are intended. 
Thus the technique, either proposed or already in use, can be validated 
with a modeling approach. This will be particularly useful once the 
models themselves have been tested against experiments and shown to 
give satisfactory agreement. 
I concentrate on those areas which are most recent. The consoli-
dat ing work done on modeling of pulse-echo and Tandem inspections is 
not included since this is reviewed elsewhere [1]. Similarly, work 
done on Time-of-Flight Diffraction [2] is not included. I emphasize 
the physical features of defects such as: defect roughness; material 
ingress; the effects of compressive stress; the effects of crack size; 
and the implications of variations in the reliability of ultrasonic 
testing due to these effects for structural integrity. 
Models designed to understand some particular physics 
concerned with the direct scattering problem and this is 





scattering problem can be expressed in the form: 'given this particular 
incident wave and this specific scatterer what is the scattered wave 
at some particular point or points?'. Another type of model is con-
cerned with data interpretat ion in which solutions to the inverse scat-
tering problem are required. The inverse scattering problem is: 'given 
this output at a known position of the receiver, and what we believe 
to be the input from the transmitter, what is the scattering object 
or objects responsible for the transformation?'. The direct scattering 
problem for elastic waves can be very hard for certain ranges of para-
meters, usually those of most relevance from a practical point of view, 
but the inverse problem is rigorously more difficult. Needless to 
say, most work has been carried out to date on the direct scattering 
problem. Early attempts at carrying out invers ion of data to obtain 
informat ion about the scatterer have made use of the Born approximation 
[3,4] and recent progress in the UK is being reported [5]. 
Results of the modeling are used to guide experiments, aid in design 
of scanners, optimize inspection techniques, and extrapolate experi-
mental results. A review of the modeling techniques most widely used 
is given in [6]. 
INSPECTION TECHNIQUES 
The diffraction coefficients for high frequency ultrasonic waves 
incident on a slipping crack, i.e., one modeled by boundary conditions 
of continuity of normal stress and displacements, have been calculated 
recently and compared with those for a stress-free crack [7]. The 
results are for backscatter and demonstrate that the signal diffracted 
from a lubricated crack is lower than that from a stress-free crack, 
typically by between about 6 dB and 10 dB. For compression waves the 
backscattered signal is always lower for the slipping contact crack 
compared with that from a stress-free crack whereas for a shear SV-
wave (relative to the crack) there are some angles for which the signal 
is larger from the slipping crack. 
FINITE DIFFERENCE RESULTS 
Finite difference results have the capability of providing answers 
to questions about scattering which are not eonvolved with transducer 
responses. 1 have chosen the effects of crack size and ultrasonic 
frequency to illustrate developments with this approach to obtaining 
the scattered signal. Figure la, taken from [8] shows experimental 
measurements of the conversion fac tors of compression waves to Rayleigh 
waves for saw cuts of various depths and for grazing incidence. The 
amplitude is a strong function of both frequency and crack size. Figure 
lb shows similar results obtained with finite difference calculations. 
In Fig. 2, results of finite difference calculations of shear wave 
reflection from the mouth of a surface breaking crack are presented 
as a function of the ratio of crack depth to wavelength [9]. Various 
angles of incidence and observat ion are represented on Fig. 2. The 
angles are alI measured from the normal to the plate surface and the 
receiver is on the same side of the crack as the transmitter. The 
results in Figs. la and lb are for slots of width, typically 4 mesh 
spacings or greater (-0.25 mm at 5 MHz) whereas those in Fig. 2 are 
for a slot width much less than one mesh spacing (-0.03 mm at 5 MHz) 
achieved by using a novel difference scheme around the crack. Again 
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Shear wave amplitudes for a 2 cycle sine-wave input pulse. 
(After Harker, 1984). 
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INTERGRANULAR ATTACK 
Another interesting development is a model of the scattering from 
regions of degraded material such as inter-granular attack. A model 
of this has been developed [10]. This, together with recent experi-
mental work [11] suggests that ultrasonic inspection would be a viable 
alternative to eddy currents for the inspection of steam generator 
tub ing in alI reactor types. Ultrasound has been used successfully 
to inspect the ferritic heat exchanger tubes of the SNR fast breeder 
reactor at Kalkar, in the Federal Republic of Germany, and the same 
technique is also being advanced for steam genera tors of pressurized 
water reactors [12]. 
The material considered in the model is nickel with a region of 
degradat ion comprising d!sbonding of the grains. This is represented 
by two parameters E and D with ~ a wholly metallurgical parameter dependent 
on the shape of the grains and D a parameter depending on metallurgical 
features such as heat treatment, alloy content, grain boundary orientation 
~nd on the chemical nature of the corroding environment. The parameter 
D has dimensions of length and is a measure of the effectiveness of 
the above collection of features in promoting intergranular attack. 
Based on results of O'Connel and Budiansky [13] expressions can be 
obtained for the speed of propagat ion of compression or shear waves 
in such degraded material. The time taken for a short pulse to travel 
across from one tube-wall to the other and back again will be different 
in corroded material compared with sound material. This time difference 
is a function of the depth of attack and is typically a few tens of 
nanoseconds. A comparison of experimentally observed values in simulated 
inter-granular attack [11], and the~retical predictions [14] with plausible 
values of the two parameters E and Dare given in Fig. 3 for compression 
waves. More experimental work is required in order to fix the parameters 
E and D but even so the model is clearly capable of qualitative and 
quantitative prediction. 
THE EFFECTS OF COMPRESSIVE STRESS ON ULTRASONIC SIGNAL AMPLITUDES FROM 
CRACKS 
There has been concern that real fatigue cracks under compressive 
stress may be transparent to ultrasound. This would reduce the ultra-
sonic signals and hence impair the reliability of detection correct 
sizing of such defects. A model, originally due to Haines [15] has 
been extended by Temple [16] to investigate this problem. The model 
of Haines was for normal incidence and so did not involve mode conver-
sion whereas the extended model is for arbitrary angles of incidence 
and takes account of mode conversions. The behavior of a fatigue crack 
under compressive stress with varying parameters is shown in Fig. 4. 
Whapham et al [17] measured the amplitude of Time-of-Flight Diffraction 
signals from fatigue cracks under compressive stress with results shown 
in Fig. 5 confirming the validity of the model. The results shown 
are for ultrasonic center frequencies of 6 MHz and for a defect with 
a root mean square roughness of 1.5~ in a material representing steel 
with a flow pressure of 1200 MPa. 
In alI cases the overall decrease in ultrasonic signal amplitude 
tends to saturate at high values of applied compressive stress. The 
theory and experiment agree very well on this value. We see, for example, 
that the maximum decrease in signal of Time-of-Flight with compression 
waves, is likely to be in the region of 10 to 12 dB compared with the 
signals from a fully open crack. This applies to frequencies round 
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Figure 5. Comparison of results predicted by Temple 1984 with experi-
mental mesurements by Whapham 1985. The theoretical curves 
are for a surface rms roughness of 1'5 ~, the flow pressure 
of the material is 1200 MPa, the frequency of the ultrasonic 
compression waves is 6 MHz. 
the signal reflected or diffracted decreases. For shear SV-waves the 
signal loss is greater and saturates typically around -20 dB. Whether 
or not this will seriously hinder the successful detection and accurate 
sizing of cracks under compressive stress will depend on the signal 
to noise level in the material. 
Thompson and Fiedler [18] considered a model in which the usual 
stress free boundary condition on the faces is replaced by a coupling 
between the crack faces created by a massless spring. By allowing 
an exponential rate of change of spring constant with distance from 
the tip, Thompson and Fiedler achieved good agreement with experiments 
on ultrasonic reflection and transmission at normal incidence on fatigue 
cracks. Kirchhoff theory for the scattering was used and predicted 
the observed variat ion in crack length with frequency. Achenbach and 
Norris [19] considered both normal and shear tractions across the interface. 
By allowing the conditions of traction continuity and displacement 
discontinuity to vary between opening and closing stresses nonlinear 
equations are obtained as boundary conditions. 
Finite difference solutions to the scattering of elastic waves in 
two dimensions by a partially closed crack have been presented [20]. 
The most striking difference between the ultrasonic signals from open 
and partially closed cracks is that those from the crack with contacting 
faces are much more complex , being a superposition of many diffractions. 
The relative amplitudes of the signals depend in detail on the many 
parameters representing the contacting faces. 
Ingress of a material such as liquid sodium can affect the ultrasonic 
signal in much the same way as compressive stress: reduc ing it below 
the level expected from an open, unfilled crack. Work on this has 
been part of the work on inspection of fast reactors in the UK for 
some years. The theoretical prediction was that cracks or width less 
than 10 ~ could be difficult to detect if filled with liquid sodium. 
Experimental tests of this prediction with glycerine as a substitute 
for sodium confirmed the theoretical predictions provided roughness 
on the faces of the crack and the frequency filtering effect of the 
transducer shoe were taken into account [21,6]. 
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THE EFFECTS OF DEFECT ROUGHNESS ON ULTRASONIC AMPLITUDES 
In Fig. 6 a plane compression wave is incident on a rectangular, 
rough defect, at angle e, to the normal. The surface of the defect 
is rough in only one direction in this example and is described by 
a root mean square deviat ion from flatness of 0.12 mm, with a root 
mean square gradiant of 0.18. The defect itself is 30 mm wide and 
10 mm high with a thickness, between mean planes, of 0.3 mm. The roughness 
is assumed to exhibit a Gaussian distribution of heights. Results 
for the far field scattered displacement field as a function of polar 
angle e2 and azimuthal angle e3 are shown in Fig. 7, using elastic 
Kirchhoff theory [22]. The results are for the amplitude of compression 
waves. Compared with a reflection from the same size smooth defect, 
the scattered peak amplitude is about 30 dB lower which is similar 
to that observed [23]. 
Ogilvy [24] has carried out a variational calculat ion for acoustic 
scattering from a rough defect. By substituting the Kirchhoff approximation 
into the variational principle, as a trial field, estimates are obtained 
of whether Kirchhoff over - or under-estimates the scattered field. 
The variational and Kirchhoff amplitudes agree for both backscattered 
and specularly reflected amplitudes from smooth cracks but for rough 
cracks the Kirchhoff approximation gives a larger signal amplitude 
than the variational approach in the specular direction. For smooth 
cracks the elastic Kirchhoff approximation always underestimates the 
backscattered signal compared with the high frequency asymptotic solution 
[25]. Ogilvy's variational principle therefore gives a lower bound 
to the scattered amplitude. Derivation of a complementary variational 
principle would give an upper bound. The ratio between the amplitude 
calculated using the variational principle with the Kirchhoff approximation 
as a trial field and that obtained using just the Kirchhoff approximation 
itself is given in Fig. 8 as a function of the two parameters describing 
the roughness of the defect. The two parameters used are the root 
mean square deviat ion of the defect surface from a plane and the correlation 
length along the surface of the defect. In this case, the defect is 
not corrugated but has the same roughness in two orthogonal directions 
in its mean plane (isotropic roughness) and hence only a single correlation 
length. The results presented in Fig. 8 are for an observat ion point 
lying in the plane containing the incident wavevector. 
The elastic Kirchhoff calculations for scattering from rough defects 
have been used [26] to explain some of the differences in the correct 
detection rate of defects in the PISC II exercise [27]. Roughness 
of defects raises the level of diffuse scatter to levels similar to, 
or in excess of the backscattered amplitude at non-specular angles 
of incidence thereby enhancing defect detectability for a given defect 
through-wall size. If the defect detectabi1ity averaged over teams 
is plotted against the through-wall size of the cracks in the PISC-II 
exercise, then experimental1y it seems that a rough defect with a 
through-wa11 size in the range 5 to 10 mm wi11 be correct1y detected 
by about 50% of the teams using ASME inspection procedures with a sen-
sitivity of 20% DAC (distance amp1itude correction) [28]. However, 
for a smooth crack, the defect through-wa1l size giving 50% chance 
of correct detection by the same inspection procedure was found to 
be in the range 15 to 20 mm, that is a shift in through-wal1 size of 
about 10 mm. Ogi1vy's Kirchhoff calculations suggest that roughness 
on the faces of the defect can account for a shift of about 7 mm in 
the through-wa11 size of defects which the ASME procedures wil1 detect 
50% of the time. These ca1culations are for the roughness of the defect 
faces and do not include any effects due to non-sharp defect edges. 
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Figure 6. Geometry of calculation of the scattering from a rectangular 













MHz compression wave at 30° to the normal. The material 
has a Poisson's ratio of 0'29. The rectangular defect is 
characterized by root mean square deviations from smoothness 
of 0'12 mm and a width of 0'3 mm. The root mean square 
gradient of the surface is 0'18. (After Ogilvy, 1985) 
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Figure 8. Ratio of amplitude calculated using the variational principle 
with the Kirchhoff approximation as a trial field to the 
amplitude calculated from Kirchhoff alone. The scattered 
amplitudes are in the specular direction 
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ANISOTROPIC MEDIA AND CLADDING EFFECTS 
The cladding layer of a pressurized water reactor and variations 
in its thickness can lead to sizable variations in measured signal 
amplitudes if no corrections are made for it [23]. Corrections for 
the cladding layer were carried out in setting up the Harwell Time-of-
Flight inspection equipment used in the Defect Detection Trials and 
PISC II [29] based on phase and group velocities calculated for elastic 
wave propagat ion through anisotropic, yet homogeneous material. Ex-
perimental verification of the necessary corrections for the cladding 
layer has been carried out [30]. As well as calculating phase and 
group velocities for single crystal pure materials, the model allows 
the reflection coefficient for plane waves incident on the boundary 
between two anisotropic materials to be calculated. The two materials 
are assumed to be bonded together with continuity of normal and tan-
gential stresses and displacements across the interface. The materials 
can be of different symmetry and can have any relative orientat ion. 
The cladding layer on a pressurized water is one example where an-
isotropic media are important and another is in the various designs 
of liquid metal cooled fast reactors. A ray tracing model has been 
developed and applied to pulse-echo inspections [31] and to inspection 
of welds in austenitic steel [32]. Figure 9 shows some results for 
the way in which the ultrasonic energy passes through a typical au-
stenitic V-weld as a transducer scans across the top of the weld. 
For comparison the material outside the weld region is taken to be 
isotropic, and so does not deviate the path of the ultrasound. The 
weld is modeled as long grains of transversely isotropic material with 
a long grain axis which follows the gradients set up in the cooling 
weld and is, therefore, a curved path. The results show the difficulty 
which may be experienced in practice in interrogating certain regions 
of the weld in the search for defects and demonstrates the relative 
effectiveness of the different wave modes. SH-waves are the most effi-
cient, but are harder to generate and detect, while SV-waves are the 
most unsatisfactory. Compression waves are almost as good as SH-waves, 
especially at angles around 45° to the surface normal. 
THE RELIABILITY REQUIRED OF INSPECTION TO ENSURE STRUCTURAL INTEGRITY 
The ultimate aim of inspection is to ensure structural integrity. 
Modeling can also be used to specify the level of reliability required 
of an ultrasonic inspection. Probabilistic frac ture mechanics models 
have been used to prescribe what the effects of different levels of 
inspection reliability will have on the integrity of, say, a pressure 
vessel of a pressurized water reactor (PWR). In this approach, the 
failure of the vessel is governed by those defects from the initial 
defect populat ion which were not successfully detected and repaired 
following manufacture, and which are either of sufficient size to cause 
failure or which grow to such a size. A function B(a) is taken to 
represent the chance that cracks of through-wall size a will remain 
in the vessel. A schematic diagram of this function is shown in Fig. 
10. Initially, for small acceptable defects, B(a) is unity; then there 
comes a region of decreasing likelihood that defects will remain in 
the vessel - this is due in part to the decreasing likelihood that 
big defects would be created in the first place and, second, to the 
increased likelihood of successful detection, correct classification 
and repair; finally, there is an asymptote to which B(a) tends for 
large defects. The asymptote represents factors beyond the capability 
of the non-destructive testing technique to detect and size defects 
accurately. An example of such a factor would be gross human error 
29 
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Ffgure 10. Schematic view of the various regions of the function B(a). 
such as omitting an inspection a1together. It is expected that this 
asyrnptote wi11 have a 10w 1ike1ihood of occurrence such as between 
10- 3 and 10-4 Defects so 1arge that the vessel leaks or fractures 
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Figure 11. Implications of inspection reliability for structural 
integrity. 
Figure 11 shows the results of some calculations of predicted failure 
rates per reactor year of a PWR pressure vessel as a function of the 
quantity ~ in B(a), (see Fig. 10). This parameter represents in essence 
the capability of the ultrasonic inspection to distinguish between 
critical and non-critical defects. Large values of ~ indicates that 
the inspection reliability quickly reaches the asymptote on Fig. 10 
and hence the technique distinguishes easily between acceptable or 
rejectable defects. Figure 11 shows the ~redicted variations in vessel 
failure rate for a fixed asymptote of 10- and as a function of ~ [33). 
CONCLUSION 
Modeling has played a useful role in developing the capability of 
ultrasonic inspection, in understanding some of the difficulties posed 
by physical characteristics of real defects and components, and in 
demonstrating how inspection techniques can be applied most effectively. 
More work remains, the properties of defects considered here have not 
all been explored in the detail necessary nor have all properties which 
affect the ultrasonic response been studied. More models of the physics 
of interaction of ultrasound with defects are required and eventually 
the aim should be to incorporate these interaction models into invers ion 
algorithms, expert systems for guiding ultrasonic inespectors, or into 
models of complete inspections (including perhaps the human being) 
so that inspection reliability can be validated. 
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DISCUSSION 
Mr. J. D. Achenbach, Northwestern: When you mentioned intragranular 
attack, you said it was a random distribution of the bonding of 
the grain. You mean that's a different kind of damage there than 
stress corrosion crack, where the damage still seems to be very 
much in a plane or in some branches of that plane? 
Mr. Andrew Temple, Harwell: It's like a lot of stress corrosion cracks 
essentially. 
Mr. Achenbach: AII over the place? 
Mr. Temple: I think that's fair, yes. You see two morphologies of 
intragranular attack. One is with fingers which look more like 
conventional cracks and the other form is where a whole region is 
just degraded as though it was a pile of grains pushed together 
with very little bonding left between the grains. 
Mr. Achenbach: And the time-of-flight method? 
Mr. Temple: As the wave propagates through this region, it slows down. 
If you like, the material has less and less modulus because it's 
not bonded, so the waves travel slower through that region, and 
you see a time difference in the time of travel through the region 
compared with propagat ion through good material. 
You don't get the reflection from the interface with the good 
material because what you see there is something which deteriorates 
gradually from good material to poor material, so you don't have 
an interface in the conventional sense and you get a very poor re-
flection. You can't just measure the reflection from the interface 
to get the depth, but allowing the wave to propagate through the 
material, if you have time difference between that and good material, 
then you can measure the depth of attack. 
Mr. Achenbach: The attenuation might be useful as an additional fea-
ture? 
Mr. Temple: Yes, certainly. 
From the Floor: When you do your wave tracing model, do you calculate 
the amplitude of the wave or only the propagat ion path? 
Mr. Temple: The amplitude and the phase. 
From the Floor: And will you concede that the mode conversion, when 
the wave hits the interface, that the shift of (inaudible) com-
pressional and you also do (rays inaudible) by the shear and com-
pressional, things like that? 
Mr. Temple: Yes and no is the answer. We can do two things. We can 
either consider it to be material which consists of discrete regions, 
each region of which has a unique set ofaxes associated with it. 
Each region is like a single crystal of anisotropic material, and 
then the answer to your question would be yes, we would consider 
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the amplitude of alI the rays that go into that region and discard 
some or keep some, according to some fairly arbitrary rules. 
Also, we can do a different situation in which the material is 
inhomogeneous in the sense that, if you like, it's as though it 
was a single crystal, but the axes rotate smoothly as you move along 
the direction in which you are going, in which case we take very 
small steps through the material, but you are not treating an inter-
face in each stage then. You don't get a reflection coefficient. 
From the Floor: Thank you. 
Mr. Shambaugh: One more question. 
From the Floor: Just to follow-up on this anisotropic behavior, is 
it frequency dependent, the mode conversions as well as the (Bark-
witz) changes? 
Mr. Temple: It depends which limit you are in. If you are in a high-
frequency limit where the interface is essentially planar, then 
no, and that's the situation we would like to be in. We would like 
to treat it as a high-frequency limit. 
From the Floor: Do you get any false indications when you go to aniso-
tropic materials? 
Mr. Temple: You mean because of grains or ..• 
From the Floor: Yes. 
Mr. Temple: Oh, yes. If you have a random assortment of anisotropic 
grains, you get a lot of noise back, and that's one of the things 
we would like to calculate and haven't yet done. 
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